Highly resolved emission and one-photon fluorescence excitation spectra for 1,4-diphenyl-1,3-butadiene seeded in a supersonic expansion of helium have been measured. The spectra show a long-lived (52.8 nsec for excitation at the 0-0) state at 29,652.5 cm-, approximately 1,150 cm-' below the well-characterized 'Bu state, which is assigned as 'Ag-i.e., we have directly observed a polyene 1Ag state in the gas phase. Emission spectra and decay times for the 1Ag state were measured at a number of different excitation energies. These data clarify the ordering of excited singlet states and the photophysical behavior of diphenylbutadiene.
The connection between electronic structure and photochemical behavior in the linear polyenes is the focus of a number of spectroscopic and theoretical investigations (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Particularly for the shorter polyenes, the photophysics of these molecules is dramatically affected by the close proximity of the two lowexcited singlet states (21Ag and 11BJ). In fact there is evidence that the separation and even the ordering of these states is a strong function of effective conjugation length and molecular environment (8, 12, (15) (16) (17) . While high-resolution spectroscopy in condensed and gas phases has greatly increased our insight into the photochemical behavior of polyenes, in particular octatetraene (8, 9) , less is known about the low-lying singlet states of hexatriene and butadiene. This is primarily because of the lack of detectable fluorescence (8) , which is not a problem for the a,w-diphenylpolyenes.
Despite the fact that 1,4-diphenyl-1,3-butadiene fluoresces with reasonable yield, there are still some outstanding questions regarding the proper description of the low-lying singlet states of this molecule. On the basis of one-and two-photon spectra measured for diphenylbutadiene in EPA at 77 K, the 21Ag state has been located at 27,900 cm-1, 130 cm'-below the origin of the l1B1h state (1) . However, the two-photon fluorescence-excitation spectrum of diphenylbutadiene in low-temperature hydrocarbon glasses and solutions can be interpreted as showing an 'Ag state higher in energy than the 1B, (11, 14) .
This discrepancy is not explained by simple solvent-shift theories even though these theories quantitatively account for the solvent dependence of the ground state-to-l1Bu transition energy (12) . The measured lifetime of the emitting state of diphenylbutadiene in cyclohexane at room temperature is 1.8 nsec, which is consistent with either state ordering (10). Molecular orbital calculations using configuration interaction through double excitations predict at least two low-lying 1Ag states; one at 28,000 cm'1, which has roughly 20% polyene character, and one at 30,440 cm-', which has roughly 45% polyene character (1). Thus, not only is the ordering of the 'Ag and 1Bu states at issue, but exactly which 1A state is lowest in energy is also open to question. Bennett and Birge (1) have assigned the state observed in their two-photon spectrum as a transition from the ground state to the higher of the two 'Ag states predicted by the molecular orbital calculations. It is reasonable to anticipate that the increase in spectroscopic resolution attainable by use of the free jet technique can add considerably to the current picture of the nature of the low-lying states of diphenylbutadiene. This paper presents one-photon excitation and emission spectra as well as the emission kinetics as a function of excitation energy for diphenylbutadiene in the cold isolated environment of a free jet. These data give a clearer picture of the nature of the singlet states in the neighborhood of the lowest energy 1B, state and shed light on the photophysics of diphenylbutadiene. EXPERIMENTAL All-trans-a,w-diphenylbutadiene was obtained from Aldrich (98% purity). HPLC with an alumina column and absorbance detection showed this diphenylbutadiene to be free from impurities that absorbed in the region of our measured excitation spectra. This material was further purified by vacuum sublimation. Samples (about 0.7 g) were contained in a stainless steel tube that was heated to 140'C to give diphenylbutadiene source pressures of less than 1 torr (1 torr = 133 Pa). The sample was seeded into helium gas at 8-12 atm (1 atm = 101.3 kPa) and allowed to expand through a previously characterized (9) 200-,um-diameter nozzle (heated to approximately 190'C to avoid clogging) into a chamber that maintained pressure at roughly 350 millitorr.
The layout of our free jet apparatus is nearly the same as that described previously (9) . The major difference is that now emission from the intersection of the jet and the frequencydoubled N2 laser-pumped dye laser beam is collected inside the chamber by an fl/ spherical mirror and focused at 8:1 magnification onto the entrance slit of a 1-m monochromator. Light was detected at the exit slit by a cooled photomultiplier. Excitation spectra were taken with the grating set to zero order, the monochromator slits opened to greater than 2 mm, and the laser stepped in 0.1 A intervals. Emission spectra were taken by first scanning the frequency-doubled dye laser to find the desired excitation peak, then rotating the grating in the 1-m monochromator from zero order to first order. The photomultiplier used for excitation scans and lifetime measurements was an Amperex XP1002; emission scans were taken with an EMI 6256B. Emission decay curves were captured by a Tektronix 7912AD programmable digitizer with a 7B71 time base.
RESULTS
Excitation Spectra and Excited State Lifetimes. The fluorescence excitation spectrum of diphenylbutadiene seeded in a free jet expansion of helium is shown in Fig. 1 . Excitation scans were taken throughout the region 27,860 cm-' to 32,840 cm '. The spectrum in Fig. 1 is composed of a series of shorter scans that have been linked by linearly scaling them so as to 4580 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. § 1734 solely to indicate this fact. The intensity of the excitation signal increases with increasing excitation energy up to the peak at 30,800.6 cm-I and then falls off sharply. Because the actual diphenylbutadiene pressure at the source varied during the course of an experiment, the intensity of the origin relative to the maximum may be slightly underestimated in Fig. 1 . In other scans we have tried to more accurately determine this ratio and find it to be no greater than 1: 7. The possibility that the absorption is saturated at the large peaks makes this estimate an upper limit. Fluorescence decay profiles for the emission of diphenylbutadiene were determined for excitation of distinct vibronic bands. The lifetimes were extracted by least-squares fitting the observed decay curves by the convolution of an exponential decay with the measured laser pulse profile. The observed decay curves were well fit by a single exponential. The lifetimes decrease with excess vibrational energy, most dramatically as the most intense peak (at 30,800.6 cm-') is approached ( Table 2) .
Emission Spectra. The emission spectra produced by exciting different bands of the excitation spectrum are shown in Fig.  2 . The intensities of these spectra have been arbitrarily scaled Because of the differences between emission generated by exciting into the origin and emission generated by exciting into bands containing the 236.6 cm-' mode, we have examined these emissions in detail. The frequency intervals appear harmonic and are easily assigned by using the modes analogous to those listed in Table 2 To discuss the low-energy excitation and emission spectra, we assume that diphenylbutadiene has 2/m symmetry. In 2/m electric dipole transitions between two states of even symmetry are forbidden. Thus, in the language of vibronic coupling, transitions between electronic states of even symmetry will only occur between vibronic components that differ by an odd number of quanta of odd-symmetry vibrational modes. If either of the electronic states has an equilibrium geometry that is not centrosymmetric-that is, it has been statically displaced along an odd-symmetry vibrational coordinate-these selection rules do not strictly apply and there will be intensity in a spectrum built on the 0-0 band as well. The low-frequency part of the diphenylbutadiene excitation spectrum appears to have at least two origins; one at 29,652.5 cm-' corresponding to the lowestenergy peak observed and the other 236.6 cm-, to higher energy. Given that the electronic transition is symmetry forbidden, there are two ways to assign these apparent origins. Both of these peaks could be assigned as belonging to vibronically promoted transitions from the zero vibrational level of the ground state to levels where vibrational modes of u symmetry are singly excited in the excited state. Alternatively, the lowest-energy band could be assigned as the 0-0 and the higher energy band could be assigned as a vibronically induced false origin. Only this latter alternative fits the observed vibrational structure. This is clearly seen in the emission spectra shown in Fig. 3 . If both excitation bands had u vibrational symmetry, the emission spectra corresponding to each of the two excitation bands would be similar. Both emission spectra would be expected to have most of their vibronic activity concentrated in intervals corresponding to g symmetry vibrations and the apparent origin would be expected to be relatively intense. In fact, the two emission spectra differ strikingly. Modes present in one are missing in the other, confirming the symmetry-forbidden nature of the electronic transition and establishing that the band at 29,652.5 cm-' is the 0-0 band.
The vibrational development of the emission produced by excitation into the 236.6 cm-' mode has an intense apparent origin and shows no intervals corresponding to the 93.7 cmmode. This is only possible if vibronically induced intensity is important in the spectrum and both the 93.7 cm-1 and the 236.6 cm-l modes are u symmetry-promoting modes. The emission produced by exciting the band we assign as the 0-0 has a weak apparent origin and is to a large extent promoted by the 93.7 cm'1 mode. In principle, the 236.6 cm-l u symmetry mode could be either au or bu. Since Under this scheme, we can assign all but five of the remaining modes as definitely ag. The five modes for which a definite assignment strictly on the basis of the measured spectra cannot be made are those at 34 cm-1, 87.9 cm-, and 299.8 cm' (which are so weak as to be barely measurable) and those at 342.5 cm-l and 588.6 cm-'. Assignments are given in Table 3 together with comparable values measured in condensed-phase spectra and calculated from a semiempirical potential (3, 18) .
The steady increase in intensity with increasing energy in the Fig. 4 . The key point is that the Ag-to-Ag excitation energies are shifted only slightly in going from the gas phase to the condensed phase while the Ag-to-B. excitation energy is decreased considerably. Thus, in the condensed phase, the Ag-to-B. and Ag-to-Ag transition energies are roughly equal. The polyeneic Ag state is likely higher in energy than the B. state in hydrocarbon solution. To the extent that the shift to lower energy of the transitions due to phenyl substitution can be described in the same language, it follows that in unsubstituted butadiene the excited Ag state would be lower than the Bu state.
